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Thispaperpresentsadigitalimageprocessing(DIP)basedfinitedifferencemethod(FDM)andmakesthefirstattempttoapplythe
newmethodtothefailureprocessofstratifiedrocksfromChineseJinpingundergroundcarves.Inthemethod,thetwo-dimensional
(2D) inhomogeneity and mesostructures of rock materials are first identified with the DIP technique. And then the binarization
imageinformationisusedtogeneratethefinitedifferencegrids.Finally,thefailureprocessofstratifiedrocksamplesunderuniaxial
compression condition is simulated by using the FDM. In the DIP, an image segmentation algorithm based on seeded region
growing (SRG) is proposed, instead of the traditional threshold value method. And with the new method, we can fully acquire the
inhomogeneous distributionsandmesostructuresofstratifiedrocks.Thesimulatedmacroscopicmechanical behaviors areingood
agreement with the laboratory experimental observation. Numerical results show that the proposed DIP based FDM is suitable
for the failure analysis of stratified rocks because it can fully take into account the material heterogeneity, and the anisotropy of
stratified rocks is also disposed to some extent.
1. Introduction
Stratifiedrocksareoftenmetinrockengineering,andthefull
understandingofthemechanicalbehaviorsofstratifiedrocks
is useful and important to evaluate the stability of rock engi-
neering built in the stratified rocks. Owing to the preferred
fabricorientationanddifferentrockmaterials,stratifiedrocks
exhibit strong inherent anisotropy and heterogeneity. Over
t h ep a s td e c a d e s ,s c h o l a r sh a v em a i n l yc o n c e n t r a t e dt h e i r
attentions on the research to the anisotropy of stratified
rocks. And the property of heterogeneity was almost not
considered in the researches. For example, Salamon [1]
studied the anisotropy of elastic moduli of a stratified rock
mass. Jaeger [2] suggested the most popular discontinuous
failure criteria named “the single plane of weakness theory”
andAttewellandSandford,McLamoreandGray,Duveauand
Shao, Cazacu et al., and Huang [3–7] extended this theory
continuously.Fromtheviewofexperiments,Tienetal.[8–10]
investigatedthefailuremechanismofsyntheticstratifiedrock
with varied orientations at different confining pressures. For
ensuring underground excavations safety, Alejano et al. [11]
employedmultiapproachback-analysisincludingthenumer-
icaldiscreteelementmethodtoanalyzeroofbeddeformation
mechanics in stratified rock. In fact, the anisotropy of
stratified rocks is strongly related to the mesostructures [12].
And the failure modes of stratified rocks are dependent on
the internalmesostructures.Thus, it is significant to consider
thepropertyofheterogeneityofstratifiedrocksinthestudies.
And the key problem is how to accurately obtain the real
heterogeneity and mesostructures.
D I Pi st h eu s eo fc o m p u t e ra l g o r i t h m st op e r f o r mi m a g e
processingondigitalimages[13].TheDIPtechniqueprovides
an innovative mean to acquire the real heterogeneity and
mesostructures of inhomogeneous materials. With the fast
computers and signal processors available, the DIP has been
widely used in a range of engineering topics in recent
years [14, 15]. Yue et al. [16, 17] carried out quantitative
investigations of the orientations, distributions, and shapes
of aggregates in asphalt concrete using a DIP procedure.
Obaidat et al. [18] further examined the percentage of voids
in mineral aggregates of bituminous mixtures. Mora et al.
[19]a n dK w a ne ta l .[ 20] investigated the particle shape
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characteristics of coarse aggregates using the DIP based
methods. Lawler et al. [21]e m p l o y e dD I Pm e t h o dt oo b s e rv e
cracks appearing in concrete. And the present research is
mainly focused on the application of the DIP, combined with
certainnumericalmethods,tostudythemechanicalproperty
of inhomogeneous materials. Yue et al. [22]d e v e l o p e daD I P
based finite element method and studied the effect of the
s h a p eo fa g g r e g a t ep a r t i c l e sa n dt h e i rs p a t i a ld i s t r i b u t i o n
on the mechanics of mixture in asphalt concrete. Du et al.
[23] adopted finite element model to simulate the cracks
location on the basis of reconstruction of the internal struc-
tures for concrete composites using the DIP based method.
Using DIP method based on X-ray computed tomography,
Zelelew and Papagiannakis [24]p r o po sedam e th od o l o gyf o r
simulating the creep behavior of asphalt concretes by the
discrete element method. Chen et al. [25]p r e s e n t e dad i g i t a l
image based finite difference approach to analyze the failure
process of rock samples by taking into account the actual 3D
heterogeneity. It is worth noting that, in the DIP method,
the traditional threshold segmentation algorithm is usually
employed. The threshold segmentation algorithm assumes
that all pixels whose value (gray level, color value, or others)
lieswithinacertainrangebelongtooneclass; thusitneglects
all of the spatial information of the image and does not deal
well with noise or blurring at boundaries. To the best of
the authors’ knowledge, the application of DIP in solving
the stratified rock failure has not, as yet, been reported in
literatures.
In this paper, the DIP based FDM is developed to
analyze the stratified rock failure. In the proposed method,
the 2D heterogeneity and mesostructures of stratified rock
materials are first identified using the DIP technique, the
finite difference grids are then generated according to the
transforming information of binary images, and finally the
failure process of stratified rock samples from Chinese
Jinping underground carves under uniaxial compression
conditionissimulatedwiththeFDMandtheDIPbasedgrids.
Inordertofullyconsiderthespatialinformationoftheimage,
an image segmentation algorithm based on SRG is proposed
to detect the different individual materials and components
automatically.
A brief outline of the rest of this paper is as follows.
Section 2 presents the identification of heterogeneity and
mesostructures of stratified rocks by using the DIP in detail.
Generation of finite difference grids is then described in
Section 3.I nSection 4,n u m e r i c a lr e s u l t so b t a i n e du s i n gt h e
method proposed are presented and compared with the lab-
oratory experimental observation. Finally, some conclusions
and remarks are provided in Section 5.
2. Identification of Heterogeneity
and Mesostructures
In this section, the big picture of the DIP technique is briefly
i n t r o d u c e d .Th e n ,t h ep r e t r e a t m e n t sa n dt h es e g m e n t a t i o n
algorithm based on SRG are adopted to dispose the original
i m a g eo fs a m p l es u r f a c e .
2.1. DIP Technique. In general, a planar image can be defined
as a 2D function, where 𝑥 and 𝑦 are spatial coordinates,
and the amplitude of reflecting the brightness at point (𝑥,𝑦)
is called the gray level of the image at the point. In other
words, an image may be continuous with respect to the 𝑥
and 𝑦 coordinates and also in amplitude. When 𝑥, 𝑦,a n d
t h eg r a yl e v e la r efi n i t ea n dd i s c r e t eq u a n t i t i e s ,t h ed i g i t a l
image is presented. In fact, the digital image consists of a
rectangular array of image elements named pixels. Each pixel
is the intersection area of any horizontal scanning line with
the vertical scanning line. All of these lines have an equal
width ℎ. As a result, the digital image can be expressed as a
discrete function in the 𝑖 and 𝑗 Cartesian coordinate system
as follows:
𝑓(𝑖,𝑗) =
[ [ [ [
[
𝑓(1,1) 𝑓(1,2) ⋅⋅⋅ 𝑓(1,𝑚)
𝑓(2,1) 𝑓(2,2) ⋅⋅⋅ 𝑓(2,𝑚)
. . .
. . .
. . .
𝑓(𝑛,1) 𝑓(𝑛,2) ⋅⋅⋅ 𝑓(𝑛,𝑚)
] ] ] ]
]
, (1)
where 𝑖 changes from 1 to 𝑛 and 𝑗 changes from 1 to 𝑚.
Furthermore, the DIP can apply various mathematical
algorithms by means of computers to extract significant
information from the digital image. This information may be
characteristicsofcracksonamaterialsurface,themesostruc-
tures of inhomogeneous soils and rocks, other man-made
geomaterials,andsoon.Forrockmaterials,digitalimagescan
exactly depict and preserve the details of inhomogeneity and
ther ela tiveposi tio no fmesostructur es.AndDIPtechniqueis
the ideal method for obtaining mesostructural information
of rock materials surfaces from digital images.
Figure 1 s h o w st h em o s t l yu s e d2 5 6g r a yi m a g e so fa
typical stratified rock sample surface, foliated metamorphic
rocksampleY02-2surfacefromJinpingundergroundcarves.
And the example of discrete function 𝑓(𝑖,𝑗) for the digital
i m a g ei sa l s oi n c l u d e dw h e r et h ec e n t e ro ft h e𝑖 and 𝑗
coordinatesystemislocatedatthetopleftcorneroftheimage.
According to research requirements, pixels are usually used
to control the accuracy of the digital image as illustrated
in Figures 1(a) and 1(b). For the original image shown in
Figure 1(b),thenumbersofthescanninglinesalongthe𝑖-axis
and the 𝑗-axis are 100 and 100, respectively. The actual size of
thesampleis50mm×50mm.So,thescanninglineis0.5mm
wide and pixel size is 0.5mm × 0.5mm.
2.2. Pretreatments of Digital Image. Because the process
of converting actual sample into digital images is very
complicated and easily affected by external environment
(e.g., asymmetric illumination and electrical and mechanical
noise), the digital image quality is usually not good enough
toacquirewell-definedmaterialmesostructures.Thus,image
pretreatments, such as image contrast enhancement and
image noise elimination methods based on direct manipula-
tionofpixels,arenecessarytoobtainamorereasonableresult
for the material mesostructures.
For the image contrast enhancement, it can help to
gain material mesostructures due to its improvement of the
contrast between different inner materials. The commonly
used image enhancement method is known as the histogramAdvances in Mechanical Engineering 3
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Figure 1: An example of original discrete function 𝑓(𝑖,𝑗) of digital image sample Y02-2: (a) original image of 50 × 50pixels; (b) original
image of 100×100pixels; (c) some part of original image (local 𝑖 and 𝑗 coordinate system); (d) matrix of discrete function 𝑓(𝑖,𝑗) (local 𝑖 and
𝑗 coordinate system).
(a) (b)
Figure 2: The image pretreatment results of sample Y02-2: (a) histogram equalization processed image; (b) median filter processed image.4 Advances in Mechanical Engineering
Input the gray-scale image
Label growing and ungrowing region according
Put seed points (the initial T) in QBP
QBP is not empty End the growing process
i=1
Record the coordinate of Ni(x)
i≤8
Satisfy
the growing
criteria
No
No
No
Yes
Yes
Yes
Take first point x from QBP;
to their initial grouping by indicator matrix
delete point x in QBP
Set Ni(x) to the label of x;
add point Ni(x) to the end of QBP;
i++
plot outline of border;
Figure 3: The flow chart of the SRG algorithm for individual seed.
equalizationtransformation.Thehistogramofadigitalimage
is used to display the distribution of gray values in the
image. It is a discrete function to show, for each gray level,
t h en u m b e ro fp i x e l st h a th a v et h a tg r a yl e v e l .G e n e r a l l y ,
it is useful to work with normalized histograms, obtained
simply by dividing all the numbers above by total amount
of pixels in the image. And histogram equalization adopts
some transformations shown in [13]t od e a lw i t hn o r m a l i z e d
histograms and acquires a new histogram which ensures that
allgr a yl ev e l sd i s p l a y edh a v ea p p r o x i m a t e l yeq u alp r o ba b il i t y
torepresent,althoughbythiswaythehistogramofprocessed
imagewillnotbeuniformasbefore;inotherwords,theresult
of the gray level equalization process can provide an image
with increased dynamic range, which tends to have higher
contrast.
Because image noise can be generated in many ways,
noise elimination methods are various in response. In order
to reduce noise influence on acquiring mesostructures, the
median filter, which can protect the edges of different parts,
is adopted here. Median filter, as an applicable method, is
a nonlinear function that is carried out on the pixels of a
neighborhood and whose result constitutes the response of
the operation at the center pixel of the neighborhood. In
general, the median filter operates with a defined 3-by-3
neighborhood by sliding the center point of it through the
image.AndthepixelvalueintheimageisreplacedbymedianAdvances in Mechanical Engineering 5
(a) (b)
(c) (d)
Figure 4: The whole process of segmentation of the sample Y02-2 surface: (a) the outline formed by SRG; (b) the binary image after
segmentation; (c) the negative image of (b); (d) the binary image after morphological mend.
value of its neighboring pixels. For the pixels on the image
boundaries,themedianfilterperformsthetransformationby
padding the image with zeros [26].
Using the original image shown in Figure 1(b) as an
example, Figure 2 shows the pretreatment results. Compared
with original image, the new image achieves enhancements
among the different inner materials and preserves more
details of mesoinformation.
2.3. Image Segmentation Technique Based on SRG. In this
subsection, image segmentation algorithm based on SRG is
presented to acquire the actual mesostructures of stratified
r o c km a t e r i a l s .U s i n gt h ea b o v es a m p l eY 0 2 - 2s u r f a c ei m a g e
(100 × 100) as an example, the algorithm is employed to
partition the image. And a binary image is outputted as
mesostructures of the sample surface.
2.3.1. Image Segmentation and SRG. Image segmentation
refers to subdividing an image into its constituent regions
or objects. The level to which the subdivision is carried
depends on the problem itself. Segmentation algorithms
for gray-scale images generally are based on two basic
properties of image gray value: discontinuity and similarity.
SRG and traditional threshold algorithm are both on the
basis of similarity property. However, due to the property
of rock materials, the gray level of each material is not
an exact value but an interval. So it is common that
some overlap of gray level interval among rock materials
is presented. This case may lead to inaccurate segmen-
tation by using traditional threshold algorithm. Because
the threshold algorithm assumes that all pixels whose
value (gray level, color value, or others) lies within a
certain range belong to one class, thus, in this circum-
stance, SRG algorithm which can fully consider the spatial
information of materials in the image is adopted in the
research.
In fact, SRG is a procedure that groups pixels or sub-
r e g i o n si n t ol a r g e rr e g i o n sb a s e do np r e d e fi n e dc r i t e r i af o r
gr o w th .Th eba s i ca p p r oa c hi st os ta rtw i than u m be ro fseed s
whichhavebeenclassifiedinto𝑛sets,say,𝐴1,𝐴2,...,𝐴𝑛,and6 Advances in Mechanical Engineering
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Figure 5: An example of finite difference grids generation: (a) transforming from some part of original image; (b) basic grids; (c) matrix of
discrete function 𝑓(𝑖,𝑗); (d) finite difference grids (local 𝑖 and 𝑗 coordinate system).
form these growing regions by appending to each 𝐴𝑖 those
neighboring pixels that have predefined properties similar to
the seed. Selecting a set of one or more starting points often
can be decided by the nature of the problem. And the choice
of similarity criteria is critical for even moderate success in
region growing [27, 28]. Generally, three types of expression
a r eg i v e n :c r i t e r i o nb a s e do ng r a yv a l u ed i ff e r e n c e ,c r i t e r i o n
based on gray value distribution, and criterion based on
regionshape.Whennopixelssatisfythecriteriaforinclusion
in that region, growing a region should stop.
2.3.2. Implement of SRG. In this paper, the purpose of
segmentation is to partition the image (Figure 1(b))i n t o
two regions, that is, greenschist region (growing region)
which is darker in the image and marble region (ungrowing
region) which is brighter. Firstly, in order to acquire better
segmentation results, nine seed points, namely, the initial
state of the sets 𝐴1,𝐴2,...,𝐴9 consisting of single points,
respectively, is manually chosen from Figure 2(b).Th e i r
coordinates are shown in Table 1. Then, the indicator matrix
used to record the growing process is formed. It has the sameAdvances in Mechanical Engineering 7
size with the rectangle array of Figure 2(b) and all its initial
elements are filled by label “0.” Afterward, the corresponding
elements in the indicator matrix to seeds are changed to the
label“1.”Fortheset𝐴𝑖,eac hs t eploo po fth ealg o ri thmh o pes
t oa d do n ep i x e lt oi t .Th es t a t eo f𝐴𝑖 after 𝑚 steps will be
consideredasfollows.Let𝑇bethesetofgrowingpixelswhich
border ungrowing region:
𝑇={ 𝑥∈
𝑛
⋃
𝑖=1
𝐴𝑖 |𝑁(𝑥) ∩𝐶 𝑅
𝑛
⋃
𝑖=1
𝐴𝑖 ̸ =𝜙 }, (2)
where 𝑁(𝑥) is the immediate neighbors of the pixel 𝑥 and
𝑅 represents entire region of the digital image. In other
words, 𝑇 is a data structure termed queue of border pixels
(QBP). It is just an array of objects. When considering a
new pixel, at the beginning of each step of SRG, we take
that one at the beginning of the array. For example, in the
𝑚+1step, pixel 𝑥 is taken from 𝑇.A n df o rt h es e g m e n t a t i o n
process to be presented, the immediate neighbors which are
8-connectedtothepixel𝑥areused.𝗿[𝑁𝑖(𝑥)]isdefinedtobea
m e a s u r eo fh o wd i ff e r e n tt h ep i x e l𝑁𝑖(𝑥) is from the growing
regionitadjoins,where𝑖belongsto{1,2,...,8}.Thesim p les t
definition for 𝗿[𝑁𝑖(𝑥)] is
𝗿[𝑁 𝑖 (𝑥)]=򵄨 򵄨 򵄨 򵄨𝑓[𝑁 𝑖 (𝑥)]−𝑓( 𝑦 ) 򵄨 򵄨 򵄨 򵄨, (3)
where 𝑓[𝑁𝑖(𝑥)] and 𝑓(𝑦) are the gray value of the pixel
𝑁𝑖(𝑥) and seed point 𝑦 which belongs to the growing region,
respectively.
The similarity criterion based on gray value difference is
given as follows:
𝑃(𝑅 𝑗)={
TRUE, 𝗿[𝑁 𝑖 (𝑥)]≤Δ ,
FALSE, otherwise,
(4)
where 𝑅𝑗 represents the subregion of entire image region 𝑅
a n dh a st h ep r o p e r t yt h a t⋃
𝑛
𝑗=1 𝑅𝑗 =𝑅 ; 𝑃 is a predicate.
Equation (4) notes that, for the pixel 𝑁𝑖(𝑥),i ft h eg r a y
value difference to the growing region it adjoins is in the
predefined range of Δ,t h ep i x e l𝑁𝑖(𝑥) will belong to the
region. That is, the corresponding label in the indicator
matrix to the pixel 𝑁𝑖(𝑥) w i l lb ec h a n g e dt ot h el a b e lo ft h e
pixel 𝑥. Meanwhile, the pixel 𝑁𝑖(𝑥) i sp u ti nt h ee n do fd a t a
structure 𝑇.A n dt h ep i x e l𝑥 is deleted in the data structure
𝑇. This completes step 𝑚+1 . The process is repeated until
no pixels are in the data structure 𝑇.Th efl o wc h a r to ft h e
algorithm is shown in Figure 3.F o rt h r e s h o l dΔ,at r i a l - a n d -
error method can be used to adjust it so that the best results
are obtained. And the thresholds that correspond to the nine
individual seeds are shown in Table 1.
Aftersegmentation,someholesandgapsmaystillexistin
images.Themorphologicalclosingandfillingmethodshown
in [26]a r eu se dt og e tri do fth e m .Figure 4 reflectsthewhole
process of segmentation of the sample Y02-2 surface.
3. Generation of Finite Difference Grids
In order to carry out the numerical analysis, finite dif-
ference grids must be generated according to the material
Table 1: The coordinates and response thresholds of individual
seeds.
Number of pixel
points
Coordinates of pixel
points
Threshold of pixel
points
1( 9 2 , 8 ) 3 7
2( 8 9 , 3 6 ) 2 5
3( 5 3 , 3 8 ) 4
4( 4 2 , 4 4 ) 7
5( 3 4 , 3 7 ) 1 0
6( 7 , 3 9 ) 1 0
7( 5 4 , 7 1 ) 2 0
8( 2 8 , 8 7 ) 2 2
9( 3 7 , 5 9 ) 1 5
Middle major
greenschist layer
Left major
greenschist layer
Right major
greenschist layer
Figure 6: Finite difference grids containing real mesostructures.
distribution and geometry shown in the binary image of
final output in the process of segmentation. However, the
finite difference grids cannot be generated directly from the
binaryimages.Thebinarizationinformationisrequiredtobe
transformed. As mentioned above, binary images are special
discrete rectangular arrays and their gray values of pixels
are either 0 or 1. Therefore, the image can be considered
as equivalent grids. Consider the binary image (Figure 5(a))
transforming from Figure 1(c) as an example; basic grids are
established by dealing with pixels in the image as elements
andpixelangularpointsasnodesshowninFigure 5(b).A tthe
same time, the corresponding array of pixel values to binary
image, the gray value 1 used to represent bright marble pixels
andthegrayvalue0usedtorepresentdarkgreenschistpixels,
can provide exact distribution of the two rock materials,
as shown in Figure 5(c). Thus, combining the basic grids
and distribution information of pixel values, finite difference
grids considering actual heterogeneity and mesostructures
are generated, as shown in Figure 5(d).A n dt h efi n i t e
difference grids corresponding to digital image of sample
Y02-2 are shown in Figure 6.Th es i z eo fg r i d si s5 0 m m
× 50mm and the scale of rectangle element is 0.5mm ×
0.5mm.
The precision of this grids generation method depends
on pixels, while it is not complicated to implement this
method. By transforming binarization image information,
the actual mesostructures preserved in pixels of image,
especially the shapes of rock material interfaces, are shown
in this method. So, finite difference grids generated by the8 Advances in Mechanical Engineering
Table 2: Material parameters.
Type of material Young’s modulus (GPa) Poisson’s ratio Cohesion (MPa) Friction angle (
∘) Tensile strength (MPa)
Marble 50 0.22 45 50 2
Greenschist 11 0.25 10 37 1
50mm
5
0
m
m
F
(a)
50mm
5
0
m
m
F
(b)
Figure 7: Schematic diagram of the sample: (a) vertical loading; (b) horizontal loading.
method keep highly consistent with real mesostructures and
inhomogeneity.
4. Numerical Simulation
In this section, an explicit finite difference scheme will
be employed to simulate fracture propagation of foliated
metamorphic rock sample Y02-2 from Chinese Jinping
underground carves under uniaxial compression loadings,
as shown in Figure 7. The commercial software FLAC (Fast
LagrangianAnalysisofContinua)isusedforfinitedifference
analyses. In the analysis, the mesolevel calculation grids
based on the actual inhomogeneity and mesostructures of
s tr a ti fi edr oc k sa r eu sed ;th eM o h r - Co ul o m bf a il u r ec ri t e ri o n
is adopted. Fracture propagation is considered by the pro-
gressive tension and shear failure. Table 2 shows the material
parameters referring to [7, 29, 30].
4.1. Vertical Loading. Figure 8 depicts the axial force-
displacement curve of the sample in vertical loading con-
dition obtained by the developed method. It is observed
that there are three distinct mechanical response stages in
the force-displacement curve. In the first stage, before the
applied load reached the peak (approximately 2.25kN), there
is a linear relationship between the load increment and
displacement increment. This stage shows the elastic feature.
I nt h es e c o n ds t a g e ,t h ea p p l i e dl o a dr a p i d l yd r o p s ,w h i l et h e
vertical displacement increases. This stage shows the brittle
2.5
(c)
(e)
2.0
(d)
1.5
1.0
0.5 (a)
(b)
0.0
0.0 0.5 1.0 1.5 2.0 2.5
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Figure8:Theaxialforce-displacementcurveunderverticalloading
condition.
feature. In the third stage, the displacement continues to
increase as the load remains unchanged. This stage shows the
perfect plastic feature.
Figure 9showstheprogressivefailureprocesses,andthey
correspond to the five points of the axial force-displacement
curve, such as points (a) to (e). It is observed from the
results that (1) at point (a) of the force-displacement curve
tension failure first occurs, and most failure domains locateAdvances in Mechanical Engineering 9
(a) (b)
(c) (d)
(e)
Figure 9: Simulated fracture process of the sample under vertical loading condition (red: tension failure; blue: shear failure): (a) the failure
domains corresponding to point (a) of force-displacement curve; (b) the failure domains corresponding to point (b) of force-displacement
curve; (c) the failure domains corresponding to point (c) of force-displacement curve; (d) the failure domains corresponding to point (d) of
force-displacement curve; (e) the failure domains corresponding to point (e) of force-displacement curve.10 Advances in Mechanical Engineering
Figure 10: Final result observation of the sample in laboratory
uniaxial compression experiment.
at the right thin greenschist layer; few failure domains are
from the middle and left major greenschist layers, as shown
in Figure 9(a); (2) increasing the applied load to point (b),
the tension failure domains slowly increase, and the shear
failure appears at right thin and left major greenschist layers;
(3) as the fractures grow and coalesce, a large amount of
shear failure domains is formed in the thin and major
greenschistlayersalongtheirlong-axialdirections,andatlast
the sample is destroyed because most failure domains link
up few tension failure domains; (4) the final fracture mode
is quite different from the traditional “X” failure mode of
homogenous materials under vertical loading, and the final
fracturemodematcheswellwiththelaboratoryexperimental
observation as shown in Figure 10.
4.2. Horizontal Loading. Figure 11 shows the axial force-
displacement curve of the sample under horizontal loading
condition obtained by the developed method. The elastic-
brittle-plastic property of sample can be displayed too. Due
to the influence of inhomogeneity and mesostructures, the
shape of the force-displacement curve under horizontal
loading is different from that under vertical loading to some
extent.
Figure 12 presents the progressive failure processes, and
they correspond to the five points of the axial force-
displacement curve, such as points (a) to (e), as shown in
Figure 11.Itisobservedfromtheresultsthat,(1)atpoint(a)of
theforce-displacementcurve,tensionfailurefirstoccurs,and
most failure domains locate at the middle major greenschist
layer; (2) increasing the applied load to point (b), the tension
failure domains slowly increase, and the shear failure appears
atthemiddlemajorgreenschistlayers,andthefailuredomain
has some angle with short-axial direction of middle major
greenschist layers; meanwhile, shear failure appears to some
degrees at right thin and left major greenschist layers; (3)
a st h ef r a c t u r e sg r o wa n dc o a l e s c e n c e ,al a r g ea m o u n to f
tensionfailuredomainsisformed,andthedevelopmenttrend
is roughly parallel to loading direction.
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Figure 11: The axial force-displacement curve in horizontal loading
condition.
From Figures 9 and 12,i ti sf o u n dth a tt e n s i o nf a il u r efi r s t
occurs and a large amount of shear failure domains yields the
final destruction for vertical and horizontal loadings.
However, there are some differences in details; for exam-
ple, the shear failure is along the long-axial direction for
the vertical loading and approximately along the short-
axial direction of major greenschist layer for the horizontal
loading. It may be the anisotropy of rock mass.
5. Conclusions
In this paper, a DIP based FDM is developed to investigate
the failure process of stratified rocks. In the method, the
2D inhomogeneity and mesostructures of rock materials are
identified with the DIP technique, the binarization image
information is then used to generate the finite difference
grids, and the failure process of stratified rock samples
under uniaxial compression condition is simulated with
the FDM. The simulated macroscopic mechanical behaviors
are in a good agreement with the laboratory experimental
observation. Several key pointes may be drawn from the
present study as follows.
(1) The inhomogeneous distributions and mesostruc-
tures of foliated metamorphic rocks can be well
obtained with the image segmentation algorithm
based on SRG.
(2) The inhomogeneity and mesostructures, the anisot-
ropy, and the loading directions have significant
effects on the fracture propagation process of strati-
fied rocks.
(3) The DIP based FDM is suitable for the failure
analysis of stratified rocks because it can fully take
into account the material heterogeneity, and the
anisotropy of stratified rocks is also disposed to some
extent.Advances in Mechanical Engineering 11
(a) (b)
(c) (d)
(e)
Figure12:Simulatedfractureprocessofthesampleunderhorizontalloadingcondition(red:tensionfailure;blue:shearfailure):(a)thefailure
domains corresponding to point (a) of force-displacement curve; (b) the failure domains corresponding to point (b) of force-displacement
curve; (c) the failure domains corresponding to point (c) of force-displacement curve; (d) the failure domains corresponding to point (d) of
force-displacement curve; (e) the failure domains corresponding to point (e) of force-displacement curve.12 Advances in Mechanical Engineering
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